Abstract-Frequency dependent attenuation of seismic waves that propagate through the partially fluid saturated porous rock will be observed. The new method for estimation of frequency dependent attenuation will be developed. The frequency dependent attenuation will be calculated in timefrequency domain which obtained using a spectral decomposition method based on continuous wavelet transform (CWT). The attenuation estimation method will be applied to synthetic data of reflection seismic and vertical seismic profiling (VSP) which were obtained from numerical modeling of seismic wave propagation in partially fluid saturated porous medium using parallel processing technologies based on the Graphics Processing Unit (GPU). The synthetic data of reflection seismic and vertical seismic profiling (VSP) will be transformed to time-frequency domain using continuous wavelet transform (CWT). The frequency dependent attenuation will be calculated in time-frequency domain. The result of attenuation estimation indicates that the maximum value of attenuation is present at varying frequencies and correlated with the physical properties of the partially fluid saturated porous rock.
INTRODUCTION
Seismic method is one of the methods in the exploration and exploitation of hydrocarbons [1] . Seismic attenuation is a potential tool to discriminate pore-fluid saturation, to detect fluid mobility and to identify fluid types on the partially fluid saturated porous medium [2] [3] [4] [5] [6] [7] [8] [9] [10] . Calculation of seismic attenuation using spectral ratio is often inaccurate and could not be used to calculate frequency-dependent attenuation. Time-frequency analysis based on CWT (continuous wavelet transforms) could be used to model attenuation and velocity dispersion of surface wave [11, 12] . This work proposes new method to calculate seismic frequency-dependent attenuation of reflection seismic and VSP (vertical seismic profiling) using time-frequency analysis based on CWT.
The effect of high fluid mobility and low fluid mobility on seismic frequency-dependent attenuation based on laboratory measurement has been done by some authors [12, 13] . Seismic frequency-dependent attenuation from seismic wave passage through partially fluid saturated porous medium using numerical simulation and laboratory measurement has been done by researchers [14] [15] [16] [17] [18] [19] [20] .
II. THEORIES
A. Seismic wave propagation in fluid saturated porous medium Propagation of elastic waves in a fluid saturated porous medium (pore-elastic) takes into account the interaction between the elastic deformation of a material and viscous fluid flow contained in the material. Biot's theory describes the propagation of elastic waves in the partially fluid saturated porous medium and takes into account the energy dissipation of the viscous pore fluid. The theoretical model of Biot predicts attenuation and phase velocity dispersion of wave in porous elastic medium [2, 3] .
When the compressional seismic wave (P-wave) propagates in a fluid saturated porous rock, some parts of the rock will experience compression and dilatation. Naturally, the compressioned zone will have higher pore pressure than the dilated zone. If the pores in the rock are inter-connected, then the fluid will flow from high pore pressure to low pore pressure. This relatively fluid flow will result in a loss of energy so the wave will be attenuated [8, 10] .
If and describe displacement vector among the rock frame and pore fluid respectively. Displacement of pore fluid to rock frame relativley could be which is defined as = ( − ) and could be measured in volume per unit area. According to Biot (1959a) [2] [3], equation of elastic wave in 2D heterogeneous isotropic porous medium and partially saturated with fluid can be written in the form of the following equations: 
B. Seismic Attenuation
Coefficient of frequency-dependent attenuation of seismic wave that propagates between two different points 1 and 2 ( 1 < 2 ) could be formulated as:
where ( ) is attenuation coefficient (dB/unit of wavelength), ( , 1 ) is frequency-dependent amplitude of wave at 1 , and ( , 2 ) is frequency-dependent amplitude of wave at 2 [5] .
C. Continuous Wavelet Transform (CWT)
Time-Frequency Analysis of the reflection seismic and VSP (vertical seismic profiling) data can be implemented using CWT (Continuous Wavelet Transform) [17] . Continuous wavelet transform is a transformation method to analyze the frequency content of the signal automatically based on the time-scale (time-frequency) [11, 12, 24] .
The wide scale (wide window) is used to analyze the low frequency content of the signal and the small-scale (narrow window) is used to analyze the high frequency content of the signal. Basically, continuous wavelet transform will decompose the signal which is done by convolving the signal with the wavelet. In the implementation, the wavelet will be subjected by a dilation process with dilation factor s and the translation process with translation factor u. The condition of wavelet function
is its means equal zero, and could be describe as,
Maximum energy of the wavelet is at time t=0 and its normalization value is 1 ) (  t  . Family of wavelet functions which are used to analyze was generated by dilating the wavelet with the scale dilatation s and translating the wavelet with translation factor u. Family of wavelet functions can be expressed as:
The value of the normalization of the wavelet function family is
Continuous wavelet transformation of a function
at time t=u and scale s is:
And its inverse is
C is called as admissibility conditions [24] .
III. METHODOLOGY

A. Workflow
Since the estimation of frequency dependent frequency will use synthetic seismogram data that generated from propagation of elastic waves in a fluid saturated porous medium, the work will start with the modeling of propagation of elastic waves in a fluid saturated porous medium [14] . The modeling is based on velocity-stress finite difference stress [26] . The modeling use first derivative of Gaussian functions as wavelet source which is injected to the stress. The modeling produces synthetic seismograms either in the form of reflection seismic or VSP (vertical seismic profiling) which depends on the used geophone configuration. Time-frequency analysis of the synthetic seismogram is done by mean continuous wavelet transforms (CWT). Estimation of frequency dependent attenuation of reflection seismic and VSP data is done in the time-frequency domain. Modeling of propagation of elastic waves in a fluid saturated porous medium use parallel processing based on GPU (graphics processing unit). Fig. 2 shows the flowchart diagram of wave propagation in partially fluid saturated porous medium using GPU (graphics processing unit) Figure 2 . Workflow of wave propagation in partially fluid saturated porous medium using GPU (graphics processing unit)
GPU has been proved to accelerate the execution time compared to traditional CPU. A CPU is rarely on small number of cores, with faster execution speed performed by each core. A GPU is rarely on vast number of cores with slower execution speed. However, if all cores capable to perform a calculation simultaneously, the usage of high number of cores will be an advantage. This concept has been known as parallel computation. This study used NVIDIA GPU with CUDA technology, which enables NVIDIA graphics card to support multi-purpose programming, beside its capability to process graphic pixel data. In order to perform multi-purpose programming using NVIDIA graphic card, an extension version of C/C++ language, known as CUDA C/C++, is used [20, 27] .
GPU hardware consist of a group of streaming multiprocessor (SM), each has a number of streaming processor (SP) which shares cache. Each SP consist of high number of thread, in which the computation will be executed. In this study, one grid-point of the medium is represented by one thread (Fig. 3) . SM is streaming multiprocessor, and SP is streaming processor
B. Model Configuration
Model configuration of wave propagation in partially fluid saturated porous is shown in figure 4 . The model dimension is 600 m x 1200 m with dx=dz=0.3m interval point. Wavelet source is deployed in point x=600m and x=30m. Row of geophones is horizontally deployed on the surface of the model with 2 m grid interval for reflection seismic configuration and vertically deployed from surface down to pass through the reservoir for VSP configuration. The reservoir is hydrocarbon reservoir containing water, oil and gas that are arranged alternately with a total thickness of 30 m at a depth of 300m from surface. Physical properties of the reservoir are described in the table 1.
There are two types of boundary condition used in this simulation: absorbing boundary condition to represent an infinite medium and free-surface condition at upper boundary of the medium, to model wave propagation in presence of surface topography (Fig. 4) . For absorbing boundary, the CPML technique is used, based on [11] . PML has been proven to be efficiently absorb wave energy along the medium boundary, preventing the wave from reflecting back to the computation domain Figure 4 . Model configuration of wave propagation in partially fluid saturated porous medium Table 1 . Physical properties of reservoir
IV. RESULT AND DISCUSSION
The synthetic seismogram data that was generated from propagation of elastic waves in a fluid saturated porous medium could be seen in Fig. 5 . The figure shows shot gather record from reflection seismic and VSP (vertical seismic profiling). It is needed to get one or more traces from the seismic record to estimate frequency dependent attenuation. In the case of reflection seismic, the estimation of frequency-dependent attenuation is done using trace 600 and 700 ( Fig. 6b and 6d) . Time-frequency analysis using CWT is applied to these two traces ( Fig. 6a and  6c ). Direct P wave is extracted from trace 600 and assumed as source wave because its offset is zero. Maximum energy of the direct wave as function frequency could be extracted on the time-frequency domain of the trace (Fig. 6e) . Reflected P wave is extracted from trace 700 for example (Fig. 6c) . Maximum energy of the reflected wave as function frequency could be extracted on the time-frequency domain of the trace (Fig. 6f) . The frequency-dependent attenuation of reflection seismic could be estimated using the maximum energy as a function frequency of direct wave and reflected wave (Fig. 6g) . The frequency dependent attenuation from seismic wave which reflected from the medium (the partially fluid saturated porous medium or reservoir) will make Gaussian distribution with maximum attenuation is fall around 41 Hz.
In the case of VSP (vertical seismic profiling), the estimation of frequency-dependent attenuation is done using trace 400 and 450 ( Fig. 7b and 7d) . Timefrequency analysis using CWT is applied to these two traces ( Fig. 7a and 7c ). First direct P wave is extracted from trace 400 and assumed as source wave. Maximum energy of the first direct wave as function frequency could be extracted on the time-frequency domain of the trace (Fig. 7e ). Second direct P wave is extracted from trace 450 for example (Fig. 7c ). Maximum energy of the second direct wave as function frequency could be extracted on the time-frequency domain of the trace (Fig.  7f) . The frequency-dependent attenuation of reflection seismic could be estimated using the maximum energy as a function frequency of first direct wave and second direct wave (Fig. 7g) .
The frequency dependent attenuation from seismic wave which propagates pass through the medium (the partially fluid saturated porous medium or reservoir) will make Gaussian distribution with maximum attenuation is fall around 35 Hz. The result of estimation of frequency dependent attenuation (intrinsic attenuation) either in the form of reflection seismic or VSP (vertical seismic profiling) indicates that the maximum value of attenuation is present at varying frequencies and correlated with the physical properties of the partially fluid saturated porous medium [13, 5, 6, 8, 15, 28] . 
V. CONCLUSION
We have performed a series of work to calculate frequency-dependent attenuation of seismic wave using time-frequency analysis based on CWT (continuous wavelet transforms). The method has been applied to synthetics seismic data that was generated by means of parallel processing based on GPU (Graphics Processing Unit). The result of attenuation estimation indicates that the maximum value of attenuation is present at varying frequencies and correlated with the physical properties of the fluid saturated porous rock.
